Background
The production of biofuels from renewable cellulosic biomass is important for the development of alternative energy. The efficient hydrolysis of cellulose requires the synergistic action of endoglucanases, cellobiohydrolases and β-glucosidases (EC 3.2.1.21). β-Glucosidase is responsible for the hydrolysis of oligosaccharides and cellobiose into glucose. Because oligosaccharides and cellobiose act as strong inhibitors of both endoglucanases and cellobiohydrolases, β-glucosidase is considered as a key enzyme for efficient cellulose hydrolysis [1] .
However, the efficient hydrolysis of cellulosic biomass is more difficult than that of pure cellulose, because the cellulosic fibers are usually entrapped in other structural biopolymers, mainly hemicelluloses and lignin. Hemicelluloses consist of an available bulk source of xylose. In this context, glucose-and xylose-stimulated β-glucosidases appear to be particularly well suited to maximize the overall efficiency of hydrolysis of cellulosic biomass, acting in association with endo-and exocellulases and xylanases [2] . Recently, many β-glucosidases with different glucose-tolerant or glucose-stimulated have been reported [3] [4] [5] [6] . However, only a few glucoseand xylose-stimulated β-glucosidases have been characterized [7] [8] [9] . The advantage of the β-glucosidase group in practical cellulosic biomass hydrolysis is not experimentally studied.
Anoxybacillus flavithermus ssp. yunnanensis E13 T is a thermophilic bacterium that grows at 60°C [10] . We determined the whole genome sequence of the strain E13 T [11] and noted that a gene sequence (KF453503, BglP), defined as β-glucosidase in function annotation based on Genbank database, exhibited similarity with some putative β-glucosidases without being biochemically characterized. In this paper, the gene BglP was cloned, expressed and characterized in detail. The novel thermostable BglP is a glucose-and xylose-stimulated β-glucosidase. The supplementation of BglP significantly enhanced the glucose yield from sugarcane bagasse, especially in the presence of high concentrations of glucose or xylose.
Results

Sequence analysis of Bglp
A β-glucosidase gene (Bglp) of 1347 bp with a predicted molecular weight of 52 kDa was revealed by the whole genome sequencing of A. flavithermus subsp. yunnanensis E13
T . No signal peptide was found. The amino acid sequence of Bglp showed the highest sequence similarity of 91% with a glucose-tolerant β-glucosidase from Anoxybacillus sp. DT3-1 [12] , 60% with a β-glucosidase from Bacillus bogoriensis (WP_026675503), 56% with a β-glucosidase from Caldicoprobacter oshimai (WP_025747479) and 55-57% with some β-glucosidases from Thermoanaerobacter sp. strains (ADD25173 and CAA91220). The sequence alignment of Bglp with the homologous is shown in Additional file 1: Figure S1 . ) which are highly conserved throughout the glycoside hydrolase family 1 (GH1) are identified in Bglp.
Enzymatic properties of the purified BglP
The recombinant BglP was expressed in soluble form in E. coli BL21 (DE3) cells and purified with Ni-NTA affinity chromatography. The purified BglP was a single band on 10% SDS-PAGE (Additional file 1: Figure S2 ). The apparent molecular mass of BglP was approximately 52 kDa, which corresponded to the calculated mass.
The recombinant BglP exhibited the maximum activity at 60°C (Fig. 1a) , and it exhibited 50% of its optimal Fig. 1 Effects of temperature and pH on β-glucosidase activity and stability of BglP. a Effect of temperature on enzyme activity. b Effect of temperature on the stability of BglP. The enzyme solution was incubated in Na 2 HPO 4 -citric acid buffer (pH 7.0, without substrate) at 55 (Δ), 60 (■), 65 (□) and 70°C (○) for different time periods, and the residual activity was measured. c Effect of pH on enzyme activity. The ability was assayed at 60°C in different buffers: 50 mM Na 2 HPO 4 -citric acid buffer pH 4.0 to 8.0 and 50 mM Glycine-NaOH buffer pH 8.0 to 10.0. d Effect of pH on stability of BglP. The enzyme was incubated at 25°C in each buffer pH 6.0 (▲), pH 7.0 (Δ), pH 8.0 (■) and pH 9.0 (□) for different time periods, and the residual activity was measured. Values are the means ± SD of six experiments (n = 6) activity at 70°C. The temperature stability of BglP was assayed between 55 and 70°C up to 15 h (Fig. 1b) . BglP showed good stability at the optimum temperature 60°C, as the half-life at 60°C was approximately 10 h. BglP exhibited optimal activity at pH 7.0, with more than 80% enzyme activity at pH from 7.0 to 8.5 (Fig. 1c) . The enzyme was found to be very stable in the range of 7.0-9.0 (Fig. 1d) . BglP retained over 81% of initial activity after 20 h of incubation at pH 7.0 and it was totally stable at pH 8.0 and 9.0 (Fig. 1d) . The activity of BglP toward various substrates was measured to determine substrate specificity ( Table 1 ). The maximum activity was obtained with pNPG (842 ± 15.5 U/mg). The K m and the V max were 0.29 ± 0.01 mM and 771 ± 39 μmol/ min/mg protein, respectively, against pNPG (Additional file 1: Figure S3a ). p-Nitrophenyl-β-D-lactopyranoside, pnitrophenyl-β-D-fucopyranoside and p-nitrophenyl-β-Dgalactoside (pNPGal) were hydrolyzed at approximately 15, 13 and 8%, respectively, of the activity observed with pNPG. The activities of BglP for pNPG and pNPGal that contained β-1-4 linkages were much higher than for oNPG and oNPGal that contained β-1-2 linkages. BglP was able to hydrolyze all of the cello-oligosaccharides tested: cellobiose, cellotriose, cellotetraose and cellopentaose. The K m and the V max for cellobiose were 12.3 ± 0.7 mM and 107 ± 8.5 μmol/min/mg, respectively (Additional file 1: Figure S3b ). It had activity toward lactose and laminaribiose which has β-1, 3-linked galactose.
The influences of different metal ions and reagents on the BglP activity were investigated (Table 2 ). When the concentrations of metal ions were less than 5 mM, the activity was not significantly inhibited, retaining above 77% residual activity. When the concentrations increased up to 10 mM, less than 50% residual activities were observed in the presence of CuCl 2 and FeCl 2 , while ZnCl 2 , FeCl 3 , CoCl 2 , MnCl 2 , CaCl 2 and MgCl 2 had slightly inhibitory effect. The addition of most reagents also had slight effect on enzymatic activity except SDS (Table 2) , and BglP displayed more than 55% original activity. The results showed that BglP was insensitive to many metal ions and reagents, and did not require metals as cofactors.
Effect of sugars on the activity and thermostability of BglP
The effects of various sugars (100 mM each of glucose, xylose, galactose, arabinose, mannose, maltose, fructose, sucrose, cellobiose and ribose) on BglP activity were determined (Additional file 1: Table S1 ). Surprisingly, all of the 11 tested sugars showed no significant inhibition of BglP. The BglP activity was significantly stimulated by glucose and xylose, respectively. Therefore, the activity on different concentrations of the two sugars was further determined (Fig. 2a) . A maximal 2.6-fold stimulation by glucose was observed at 0.4 M, and a maximal 1.8-fold stimulation by xylose was found at 0.6 M. BglP activated by glucose and xylose was unusually remained at concentrations up to 2.2 and 1.4 M, respectively. At fixed glucose concentrations of 0.4 M, increasing concentrations of pNPG (0.05-1.6 mM) stimulated the enzymatic activity. The K m and V max were 0.37 ± 0.02 mM and 1550 ± 101 μmol/min/mg, respectively. At fixed xylose concentrations of 0.6 M, the K m and V max calculated from the stimulation of activity were 0.48 ± 0.03 mM and 1333 ± 86 μmol/min/mg protein, respectively (Additional file 1: Figure S4 ). When glucose and xylose was further increased, the enzyme activity was gradually inhibited, with inhibition constant (K i ) values of 3.8 ± 0.22 and 2.0 ± 0.15 M, respectively (Additional file 1: Figure S5 ).
To fully exploit the effect of glucose on BglP, the enzymatic thermostability at 60-70°C was determined in the presence of a final concentration of 1 M glucose (Fig. 2b) . The result suggested that the stability significantly increased in the presence of glucose. The BglP preserved 65% of its original activity after 15-h incubation at 60°C in the presence of glucose. The half-life of BglP at 65°C was approximately 2 h, while the half-life prolonged to approximately 5.5 h in the presence of glucose.
Conversion of sugarcane bagasse under high glucose and xylose concentrations
To evaluate the application potential of BglP in the cellulosic biomass hydrolysis where glucose and xylose concentrations are high, the conversion of sugarcane bagasse by Celluclast® 1.5 L with or without BglP was performed in the presence of various initial concentrations of glucose (50-500 mM) and xylose (50-200 mM) (Fig. 3) . The cellulose content was 41.7% (w/w) in the sugarcane bagasse. After a 48-h hydrolysis at 60°C, pH 7.0, the concentration of glucose released by Celluclast® 1.5 L alone was measured to be 10.5 ± 0.7 mg/ml, representing 25.3 ± 0.5% of the conversion. When the synergistic action of BglP and Celluclast® 1.5 L was performed, a 1.9-fold conversion increase was observed, and the final conversion was up to 48.4 ± 0.8% (Fig. 3) .
The conversion of sugarcane bagasse decreased to 19.9 ± 0.8% (Celluclast® 1.5 L alone) in the presence of 50 mM of glucose in the initial reaction mixture. The conversions further decreased with increasing initial concentrations of glucose. The lowest 10.5 ± 0.1% of conversion was observed at 500 mM initial glucose. The β-glucosidase in Celluclast® 1.5 L showed a lower hydrolytic efficiency in the presence of high concentrations of glucose. The supplementation of BglP significantly enhanced the conversion under all the concentrations of glucose. The conversion of the synergistic action at 500 mM was 35.6 ± 0.5% (Fig. 3a) , which was 3.4-fold higher than that of Celluclast® 1.5 L alone.
Although the addition of 50 mM xylose had no effect on the conversion that performed by Celluclast® 1.5 L alone, a significant inhibition was observed when the xylose concentration was over 100 mM (Fig. 3b) , which suggested the β-glucosidase in Celluclast® 1.5 L is only sensitive to high concentrations of xylose. The conversion by Celluclast® 1.5 L alone at 200 mM decreased to 15.2 ± 0.7%. When BglP was added to the reaction mixture, the conversion only weakly decreased from Discussion β-Glucosidase is an important component of the cellulose enzyme system. A strong inhibition of β-glucosidase by glucose is most commonly observed [1] . Searching for novel β-glucosidases with insensitive to glucose attracts more interest in recent years. Based on the different influences of glucose on the activity, Cao et al. [13] concluded that β-glucosidases can be divided roughly into three groups: (1) the glucose-sensitive β-glucosidases; (2) the glucose-tolerant β-glucosidases that are not activated by glucose; (3) the glucose-stimulated β-glucosidases. The glucose-stimulated β-glucosidases are less common, as compared with two previous groups. The BglP activity is stimulated 2.6-fold by 0.4 M glucose (Fig. 2a) , therefore BglP should belong to the last group.
The stimulatory specific activity of BglP was as high as 2163 ± 11.2 U/mg at 0.4 M glucose, and this level was higher than most of glucose-stimulated β-glucosidases. The β-glucosidases from uncultured bacterium [13, 14] , Thermoanaerobacterium aotearoense [15] , Anoxybacillus sp. DT3-1 [12] and Neotermes koshunensis [6] were stimulated about 4.0-, 2.7-, 1.4-, 1.3-and 1.3-fold by glucose, respectively and the stimulatory specific activity were about 11, 10.8, 145, 1505 and 16 U/mg, respectively. One of the reasons for the stimulation could be transglycosylation [6, 16] . Therefore, we analyzed the reaction products of BglP after incubation with 10 mM pNPG and glucose (100, 250 and 500 mM, respectively). No other product except glucose was determined, suggesting a lack of transglycosylation activity in BglP. Souza et al. [2] speculated that the stimulatory effect of glucose may be attributed to its binding to modulator binding sites, probably inducing conformational changes that stimulate the hydrolyzing activity. Further work will be necessary to determine whether the same applies to BglP.
Besides glucose stimulation, BglP is also stimulated by xylose, which distinguishes the enzyme from the stimulatory group of β-glucosidases. Xylan chains are entrapped inside cellulosic fibers. During cellulose hydrolysis, the final result of synergistic action of xylanases and cellulases is a high product of both glucose and xylose [2] . Thus, the glucose-and xylose-stimulated β-glucosidases are very attractive to improve the effectiveness of cellulose hydrolysis. However, to our knowledge, only six β-glucosidases were reported to be stimulated by both glucose and xylose (Table 3 ). The practical hydrolysis of cellulosic biomass with the enzymes has not been done so far. Compared with these β-glucosidases, BglP displayed higher stimulation/tolerance levels, stronger specific activity and better thermostability. Therefore, its synergistic act with Celluclast® 1.5 L on converting sugarcane bagasse was investigated under the optimum conditions of BglP in the presence/absence of glucose or xylose (Fig. 3) .
In the case without initial sugar, the conversion of sugarcane bagasse by BglP was improved 1.9-fold than of Celluclast® 1.5 L alone. The supplement of β-glucosidases from a metagenomic library [13] and Thermoanaerobacterium aotearoense [15] to the conversion of sugarcane bagasse resulted in about 1.5-and 1.2-fold enhancement, respectively. The enhancement levels were lower than that of BglP, which may be due to the higher specific activity of BglP. In the case with initial sugar, since the β-glucosidases in Celluclast® 1.5 L is sensitive to both glucose and xylose, the advantages of BglP were more obvious. The conversion supplemented with BglP was 3.4-and 3.0-fold higher than that of Celluclast® 1.5 L alone at 500 mM of initial glucose and 200 mM of initial xylose, respectively. The results not only clearly revealed the significant role of the glucose-and xylose-stimulated β-glucosidases in the practical hydrolysis of cellulosic biomass, but also showed that BglP should have important practical implication in cellulose refining.
Conclusions
BglP from A. flavithermus subsp. yunnanensis E13
T is a thermostable β-glucosidase, whose hydrolysis rate (V max value) is very fast. The activity of Bglp is dramatically stimulated by glucose and xylose, and has high tolerance to glucose and xylose. The supplement of Bglp to the hydrolysis mixture of sugarcane bagasse containing Celluclast® 1.5 L resulted in great enhancement of the conversion, especially in the presence of high concentrations of glucose and xylose.
Methods
Bioinformatics analysis
Homologues of AmyP were obtained by searching the NCBI protein database using the BLAST tools [17] . Sequence alignments were performed using the ClustalW [18] . BLAST analyses suggested that Bglp belongs to GH1. A GH1 domain (pfam00232) was served as definition criteria for conserved nucleophile regions.
Cloning, expression and purification of β-glucosidase BglP
The strain A. flavithermus ssp. yunnanensis E13 T was isolated from a hot spring in our previous study [10] . It is available from the China Center for Type Culture Collection (AB2010187 T ) and the Korean Collection for Type Cultures (13759 T ). The β-glucosidase gene BglP was amplified by PCR using the primers (see Additional file 1). The PCR product was digested and ligated into pET22b, and then the plasmid pET22b-Bglp was transformed into E. coli BL21 (DE3) (Novagen). The recombinant BglP was induced by adding a final concentration of 0.8 mM isopropyl-β-D-thiogalactopyranoside (IPTG) at OD 600 about 0.5-0.6, and incubated further for 5 h. The cells were harvested and lysed by sonication. The lysate was heat treated at 60°C for 30 min to denature the thermolabile proteins in E. coli, and then centrifuged (20,000 × g, 30 min). The supernatant was loaded on a Ni-NTA agarose gel column for purification. The protein was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The protein concentration was determined according to Bradford method.
Enzyme assay β-Glucosidase activity was determined with p-nitrophenyl-β-D-glucopyranoside (pNPG, Sigma) as a substrate. The reaction mixture contained 10 μl of enzyme and 290 μl of 50 mM Na 2 HPO 4 -citric acid buffer (pH 7.0) with 5 mM pNPG. The reaction was incubated at 60°C for 10 min and stopped by adding 1 ml of 1 M Na 2 CO 3 . The p-nitrophenol (pNP) released was measured at A 410 .
Other aryl-glycoside substrates were assayed under the same conditions. BglP activity against various saccharides was estimated with 1% substrate concentration, and the glucose released was quantified by a glucose oxidase-peroxidase assay (Sangon, China). The hydrolysis of carboxymethyl cellulose (CMC) and microcrystalline cellulose (Avicel®) was measured after 30 min reaction, employing 20.0 U of pNPG activity. The reducing sugar released was determined according to the classical method [19] . In all analyses, 1 U was defined as the amount of enzyme that releases 1 μmol of product per min under the assay conditions. All experiments were performed at least three times and three independent reproductions were carried out. ND not determined a One hundred percent specific activity (control) was estimated in the absence of carbohydrates
Properties of recombinant BglP
The optimal temperature was measured over a temperature range from 0 to 80°C at pH 7.0 (50 mM, Na 2 HPO 4 -citric acid buffer). Thermostability was determined by incubated the protein at 55-70°C during 0.5 -15 h. The residual activities were determined in standard reaction condition. The optimum pH of BglP was determined at 60°C. To measure the pH stability, the purified BglP was incubated at pH 6.0-9.0 at 25°C. Samples were removed at varying time intervals, and the residual activities were measured. The influence of various metal ions (5 and 10 mM) on the BglP activity was investigated using MgCl 2 , CaCl 2 , FeCl 3 , CoCl 2 , ZnCl 2 , MnCl 2 , CuCl 2 and FeCl 2 . The effects of dithiothreitol (DTT), urea, ethylenediaminetetraacetic acid (EDTA), β-mercaptoethanol, dimethyl sulfoxide (DMSO), Triton X-100, Tween 80 and sodium dodecyl sulfate (SDS) were determined. All enzyme activity was determined after pre-incubation of the purified BglP with above compounds in at 60°C for 30 min. The BglP activity without any additive was taken as a percentage of the activity.
Determination of kinetic parameters
The Michaelis-Menten constants (K m ) and maximum velocities (V max ) were determined from Lineweaver-Burk plots by using pNPG or cellobiose as substrates. The purified BglP was incubated in Na 2 HPO 4 -citric acid buffer (pH 7.0) with the substrates in concentrations ranging from 0.05 to1.6 mM of pNPG or 5-70.0 mM of cellobiose at 60°C. The kinetic parameters of pNPG in the presence of 0.4 M of glucose or 0.6 M xylose were established for the stimulation of activity.
The inhibition constants (K i ) for the pNPG hydrolysis inhibition by glucose and xylose were estimated using Dixon plots. The concentration ranges of glucose and xylose were 3.0-3.7 and 1.8-2.3 M, respectively. Two concentrations of pNPG (5 and 8 mM) were used. All experimental kinetic curves were repeated three times, and three independent reproductions were carried out. The kinetic parameters are given as the mean ± SD of the values calculated for six different experiments (n = 6).
Effects of sugars on BglP activity and stability
The effects of various sugars (100 mM each of glucose, xylose, galactose, arabinose, mannose, maltose, fructose, sucrose, cellobiose and ribose) on the BglP activity were studied. The stimulatory effects of glucose and xylose on the activity were further tested using varying concentrations of glucose (0.05-4.0 M) and xylose (0.05-3.0 M). The BglP was pre-incubated with sugars at 14°C for 24 h. The residual activities were quantified, and the control activity without sugar was taken as a percentage of the activity.
In determination of the effect of glucose on thermostability, glucose (1 M) was added into the reaction solution and incubated at different temperatures (60, 65 and 70°C) for different time (0.5-15 h), and then the residual activities were determined.
Conversion of sugarcane bagasse by BglP
Sugarcane bagasse was preformed according to the previous study [20] . In brief, the sugarcane bagasse (Jing Hui Sugar Group Co. Ltd, China) pretreated with 1% (v/v) H 2 SO 4 with a solid to liquid ratio of 1:20. The solids were carried out in an autoclave at 120°C for 70 min by using 4% NaOH. Then the alkaline solids were washed with water using until pH changed to 7.0. The dried solids were used for subsequent experiments.
Enzymatic conversion of sugarcane bagasse was performed with 10% (w/v, dry basis) substrate concentration in 20 ml of Na 2 HPO 4 -citric acid buffer (pH 7.0). The commercial Cellulast® 1.5 L (Novozymes, Denmark) load was 40 filter paper unite (FPU) per gram of sugarcane bagasse according to the previous study [20] . The purified BglP load was 50 μg per gram of sugarcane bagasse. The flasks with the reaction mixture were carried out in a rotary shaker at 60°C and 120 rpm. After a 48-h hydrolysis, the glucose released was quantified by HPLC according to method of Lei et al. [21] . The conversion of sugarcane bagasse was calculated according to Cao et al. [13] . In determination of the effects of glucose and xylose on the hydrolysis of sugarcane bagasse, glucose (the final concentration of 50-500 mM) or xylose (50-200 mM) was added into the reaction mixture. A final concentration of 0.2% (v/v) toluene was used to prevent microbial contamination during the conversion [22] .
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